1. Introduction {#sec1-molecules-25-01252}
===============

Global antibiotic crisis entails a threat not only for public health but also for food industry worldwide \[[@B1-molecules-25-01252]\]. According to the last surveillance of antimicrobial resistance in Europe, *Staphylococcus aureus* and *Escherichia coli* currently present resistance to multiple antimicrobial groups \[[@B2-molecules-25-01252]\], a disturbing fact since both bacteria are usually implicated in infections of community and healthcare settings and are amongst the foremost causative agents of food-borne infections \[[@B3-molecules-25-01252]\].

The increasing emergence of multidrug-resistant pathogens stresses the need of developing alternative or complementary antimicrobial strategies. The demonstrated antibacterial activity of honey is attributed to various factors. Besides inherent physicochemical characteristics, such as high osmolarity or acidity, honey contains a wide variety of compounds with antimicrobial properties, among which hydrogen peroxide, polyphenols or methylglyoxal \[[@B4-molecules-25-01252],[@B5-molecules-25-01252],[@B6-molecules-25-01252]\]. The presence and the quantity of antimicrobial factors in honey differ widely according to the floral source, harvesting season and geographical location, which may influence its overall effectiveness \[[@B4-molecules-25-01252],[@B7-molecules-25-01252]\].

Numerous scientific studies have explored the antibacterial activity of different types of honey by itself or in combination with other antimicrobial agents as co-adjuvant \[[@B8-molecules-25-01252],[@B9-molecules-25-01252],[@B10-molecules-25-01252],[@B11-molecules-25-01252],[@B12-molecules-25-01252]\]. However, very little is known about how honey acts against bacteria, and most of the studies focused on determining the action mechanisms of honey are referred to manuka honey (MkH) (*Leptospermum scoparium*) \[[@B13-molecules-25-01252],[@B14-molecules-25-01252],[@B15-molecules-25-01252],[@B16-molecules-25-01252]\].

This study aimed to investigate the mechanism of antibacterial action of three varieties of honey (avocado, chestnut and polyfloral), evaluating the physiological status induced upon *S. aureus* and *E. coli* in a time course assay, assessed by flow cytometry (FC). In previous studies, these three honey varieties demonstrated higher antibacterial activity, as well as higher bioactive compounds concentration \[[@B17-molecules-25-01252]\].

2. Results {#sec2-molecules-25-01252}
==========

2.1. Effects of Honey Samples on Cell Viability {#sec2dot1-molecules-25-01252}
-----------------------------------------------

[Figure 1](#molecules-25-01252-f001){ref-type="fig"} illustrates bacterial cell viability (*S. aureus* CECT 86 (a) and *E. coli* CECT 515 (b)) following the exposure to the two concentrations tested for each honey variety in comparison to non-treated cells control.

Overall, significant differences (*p* \< 0.05) in colony forming units (CFU) counts between honey-treated and non-treated bacteria in both species were observed. Similarly, different effects on bacterial cell viability were detected between the both honey concentrations tested, and between the honey varieties used, with some exceptions ([Figure 1](#molecules-25-01252-f001){ref-type="fig"}).

All types of honey at the both concentrations tested exhibited bacteriostatic effects upon *S. aureus* in the first 30 min of incubation (*p* \< 0.01). After this time, cells recovered the ability to replicate and could grow progressively along the time up to the end of the treatment ([Figure 1](#molecules-25-01252-f001){ref-type="fig"}a). Nevertheless, CFU counts of honey-treated bacteria showed significant differences compared to non-treated bacteria cells (*p* \< 0.05).

On the other hand, *E. coli* viability decreased progressively along the time, up to the end of the treatment at the higher concentrations tested (*p* \< 0.01), whereas the lower concentrations displayed a general bacteriostatic effect along the treatment period (*p* \< 0.05) ([Figure 1](#molecules-25-01252-f001){ref-type="fig"}b). These results demonstrated that honey concentration was a key factor upon *E. coli*.

2.2. Effects of Honey Samples on Cytoplasmic Membrane Potential {#sec2dot2-molecules-25-01252}
---------------------------------------------------------------

[Figure 2](#molecules-25-01252-f002){ref-type="fig"} depicts the effect of the different honey samples on the cytoplasmic membrane potential of *S. aureus* CECT 86 (a) and *E. coli* CECT 515 (b) in contrast to non-treated bacteria control.

In general, the honey samples except for AH induced membrane depolarization on *S. aureus* after 60 min of incubation. However, *S. aureus* cells were able to recover from honey induced alterations, which effect seemed to be reversible after 120 min of exposure, except for ChH ([Figure 2](#molecules-25-01252-f002){ref-type="fig"}a). A minor, yet significant increase of fluorescence was registered soon after 30 min of incubation with both concentrations of AH (Staining Index (SI) at 5% (*w*/*v*) = 1.39; *p* \< 0.05 and SI at 10% (*w*/*v*) = 1.61; *p* \< 0.05) and with the higher concentration of PH (SI at 10% (*w*/*v*) = 1.20; *p* \< 0.05). After 60 min of exposure all honey samples, at the both concentrations tested, induced bacterial membrane depolarization (*p* \< 0.05). However, throughout treatment, bacteria exposed to AH and PH were able to progressively repolarize and recovered, at the end of the treatment, a similar membrane potential to viable untreated cells (*p* \> 0.05). Conversely, treatment of bacterial cells with ChH resulted in a time-dependent increase of depolarized cells from 60 min (SI at 5% (*w*/*v*) = 1.21; *p* \< 0.05 and SI at 10% (*w*/*v*) = 1.44; *p* \< 0.05) up to 180 min of treatment (SI at 5% (*w*/*v*) = 1.97; *p* \< 0.05 and SI at 10% (*w*/*v*) = 3.50; *p* \< 0.01). Significant differences were observed between both treatment conditions with some exceptions. These factors suggest the relevance of honey concentration, treatment time, as well as the variety of honey, upon *S. aureus* cell membrane depolarization.

Regarding *E. coli*, membrane depolarization occurred as an early event with all honey samples; a significant increase of fluorescence was registered soon after 30 min of incubation at the both concentrations tested (*p* \< 0.05). However, from this time point up to the end of the treatment, the behavior of the bacterial cells differed according to the variety and the concentration of honey ([Figure 2](#molecules-25-01252-f002){ref-type="fig"}b). Bacteria treated with AH undergo a membrane depolarization from the first 30 min (SI at 20% (*w*/*v*) = 6.38; *p* \< 0.01 and SI at 30% (*w*/*v*) = 13.32; *p* \< 0.001). However, bacteria seemed to develop compensatory responses, which permitted to recover progressively the membrane potential. Nevertheless, the SI values were significantly higher than those of the viable untreated cells after 180 min (SI at 20% (*w*/*v*) = 3.97; *p* \< 0.05 and SI at 30% (*w*/*v*) = 8.98; *p* \< 0.01). Treatment with ChH resulted in a time-dependent increase of depolarized cells from 30 min (SI at 20% (*w*/*v*) = 3.25; *p* \< 0.05 and SI at 30% (*w*/*v*) = 7.29; *p* \< 0.01) up to 120 min of treatment (SI at 20% (*w*/*v*) = 9.79; *p* \< 0.01 and SI at 30% (*w*/*v*) = 15.09; *p* \< 0.001, respectively). After this time, cells seemed to partially repolarize under both treatment conditions (SI = 5.10; *p* \< 0.05 and SI = 9.15; *p* \< 0.01, respectively). Finally, cells exposed to PH displayed an increasing depolarization from 30 min (SI at 10% (*w*/*v*) = 4.74; *p* \< 0.05 and SI at 20% (*w*/*v*) = 11.16; *p* \< 0.01) up to 60 min of exposure (SI at 10% (*w*/*v*) = 10.21; *p* \< 0.01 and SI at 20% (*w*/*v*) = 15.72; *p* \< 0.001). At this time point, bacteria treated with 10% (*w*/*v*) of honey appeared to gradually recover membrane potential up to the end of the treatment (SI = 5.02; *p* \< 0.05), whereas bacteria treated with 20% (*w*/*v*) of honey, kept similar values of SI up to 180 min (SI = 14.93; *p* \< 0.001). Significant differences were observed between the two treatments, at all-time points monitored. These results show the relevance of honey concentration, treatment duration, as well as the honey type on cell membrane depolarization.

2.3. Effects of Honey Samples on Membrane Integrity {#sec2dot3-molecules-25-01252}
---------------------------------------------------

[Figure 3](#molecules-25-01252-f003){ref-type="fig"} showed the effect of honey upon bacterial membrane integrity of *S. aureus* CECT 86 (a) and *E. coli* CECT (b) compared with non-treated cells.

Overall, minor -yet significant- modifications in *S. aureus* membrane ([Figure 3](#molecules-25-01252-f003){ref-type="fig"}a) were observed. The effect exhibited a treatment time and honey concentration dependency. Cells treated with AH presented a significantly higher SI after 60 min of honey exposure with the both concentrations tested (SI at 5% (*w*/*v*) = 1.36 and SI at 10% (*w*/*v*) = 2.97; *p* \< 0.05). However, along the treatment, bacteria seemed to recover progressively from this damage since the SI continuously decreased until the end of the treatment. At 180 min only the higher concentration of AH induced a significantly higher SI value comparing to untreated bacteria (SI = 1.35; *p* \< 0.05). Bacteria treated with 5% (*w*/*v*) of ChH showed a significant PI-intake only after 180 min of treatment, whereas cells treated with 10% (*w*/*v*) displayed a significantly different SI value following 30 min of honey exposure, which was stable along the treatment. Finally, bacterial cells exposed to PH displayed, at both concentrations, a time-dependent increase of SI, from 30 min (SI at 5% (*w*/*v*) = 1.42; *p* \< 0.05 and SI at 10% (*w*/*v*) = 2.01; *p* \< 0.05) up to the end of the treatment (SI = 2.47; *p* \< 0.05 and SI = 3.64; *p* \< 0.01 respectively). Notably significant differences were also registered between both experimental conditions, what suggests that honey concentration, honey variety, as well as the treatment time are key factors influencing *S. aureus* membrane injury.

Membrane alterations in *E. coli* were appreciated from the early stages of the treatment up to the end, in a clear time-dependent fashion ([Figure 3](#molecules-25-01252-f003){ref-type="fig"}b). Bacteria treated with 20% (*w*/*v*) of AH and 10% (*w*/*v*) of PH showed PI-uptake after 30 min (SI AH = 2.04; *p* \< 0.05; SI PH = 1.92; *p* \< 0.05), raising slightly up to the end of the treatment (SI AH = 2.40; *p* \< 0.05; SI PH = 3.37; *p* \< 0.05). Cells treated with 20% (*w*/*v*) of ChH showed SI values significantly different after 120 min of honey exposure (SI = 3.09; *p* \< 0.05) increasing up to 180 min (SI = 3.64; *p* \< 0.05). Bacterial cells treated with higher concentration of honey (30% (*w*/*v*) for AH and ChH, and 20% (*w*/*v*) for PH) resulted in a time-dependent increase of SI from 30 min (SI ChH = 6.44; *p* \< 0.01; SI PH = 3.75; *p* \< 0.05) or 60 min (SI AH = 3.08; *p* \< 0.05) up to 180 min (SI AH = 5.26; *p* \< 0.05; SI ChH = 17.45; *p* \< 0.001; SI PH = 8.28; *p* \< 0.01) of treatment. Significant differences were observed between both treatment conditions at all-time points, and for the three honey varieties. Honey concentration also played a key role, especially for ChH and PH.

2.4. Effects of Honey Samples on Metabolic Activity {#sec2dot4-molecules-25-01252}
---------------------------------------------------

[Figure 4](#molecules-25-01252-f004){ref-type="fig"} represents the metabolic effects of the different honey samples on *S. aureus* CECT 86 cells using calcein-AM.

Mean intensity of fluorescence (MIF) values displayed by untreated cells increased slightly up for 180 min. However, bacterial cells exposed to honey showed a severe reduction on MIF values soon after 30 min of honey exposure ([Figure 4](#molecules-25-01252-f004){ref-type="fig"}). MIF values decreased, even with the lowest concentrations tested (MIF AH = 10.76 and 6.73; *p* \< 0.001; MIF ChH = 17.99 and 6.69; *p* \< 0.001 and MIF PH = 67.78 and 43.98; *p* \< 0.001 at 5% and 10% (*w*/*v*), respectively). Nevertheless, different behavior was noticed among samples.

Fluorescence intensity increased progressively from 30 min until 180 min in bacteria ex posed to AH and ChH (MIF = 64.91 and 18.06; *p* \< 0.001 and MIF = 54.63 and 23.72; *p* \< 0.001, respectively at 5% and 10% (*w*/*v*) at 180 min). Conversely, PH induced a lower inhibitory effect on the metabolic activity of bacteria, although MIF values decreased progressively along to 120 min at the both concentrations tested (MIF = 37.48 and 12.75 respectively at 5% and 10% (*w*/*v*); *p* \< 0.001). From this time point until 180 min of exposure, bacteria exhibited a recovery of metabolic activity at the both treatment conditions (MIF = 183.44 and 107.18; *p* \< 0.001). Nevertheless, the MIF values of treated bacteria showed significant differences compared to non-treated bacteria cells (*p* \< 0.001).

3. Discussion {#sec3-molecules-25-01252}
=============

Despite several reports on antibacterial properties of different varieties of honey \[[@B5-molecules-25-01252],[@B7-molecules-25-01252],[@B12-molecules-25-01252],[@B18-molecules-25-01252],[@B19-molecules-25-01252]\], the majority of the studies investigating the action mechanism of antibacterial activity of honey have focused on MkH \[[@B20-molecules-25-01252]\]. This study explored the effects of different varieties of honey upon *S. aureus* and *E. coli* physiology and aimed to determine the analogies or dissimilarities related to its antibacterial mechanisms, not only between them, but also with MkH, providing new insights regarding antibacterial effects of honey. The influence of the three honey samples tested (AH, ChH and PH) on bacterial cell viability, membrane potential, membrane integrity, and metabolic activity were assessed on *S. aureus* CECT 86 and *E. coli* CECT 515 reference strains. To accomplish this purpose, MLC and a higher concentration of each honey sample were tested.

The effect of honey on bacterial cell viability differed depending on the honey variety and the concentration tested. The lowest honey concentrations (20% (*w*/*v*) for AH and ChH and 10% (*w*/*v*) for PH) induced, in general, bacteriostatic effects on *E. coli* cells; whereas the highest concentrations (30% (*w*/*v*) for AH and ChH and 20% (*w*/*v*) for PH) produced the bacterial death This data suggests that honey concentration is an essential factor which determine the ability of *E. coli* cells to resist honey induced alterations. PH exhibited the most powerful repercussion on this bacterium.

On the other hand, no evidence of bactericidal activity upon *S. aureus* was found in the first 180 min of honey exposure despite using MLC and a higher concentration. The absence of bacterial growth found in the previous honey susceptibility tests \[[@B17-molecules-25-01252]\] was understood as the bactericidal effect of honey, but indeed, it was not, as only bacteriostatic effects were observed in the first minutes of honey exposure. This fact could be explained, as some studies describe, by a phenomenon known as a viable but non-culturable (VBNC) state whereby bacteria lose the ability to grow on the routine media on which they normally grow \[[@B21-molecules-25-01252],[@B22-molecules-25-01252]\]. A list of factors, both chemical and environmental, which have been reported to induce the VBNC state are varied and numerous \[[@B21-molecules-25-01252],[@B22-molecules-25-01252]\] and suggest that this is an adaptive strategy for long-term survival of bacteria under unfavorable environmental conditions \[[@B23-molecules-25-01252]\]. It is possible that honey samples, under the conditions in which the MIC and MLC values were determined (96-well microplates, without agitation and subsequent count of colony forming units on plates agar), could induce a VBNC state on *S. aureus*, elsewhere reported \[[@B21-molecules-25-01252],[@B24-molecules-25-01252],[@B25-molecules-25-01252]\], and which was previously admitted as a lethal concentration. Although exposure to honey at 5% and 10% (*w*/*v*) did not reduce the growth rate of *S. aureus*, significant changes on physiological status of bacteria were observed; the same circumstance was previously described in *S. aureus* proteome when exposed to sub-inhibitory concentrations of honey \[[@B26-molecules-25-01252]\].

Membrane potential plays an essential role in bacterial physiological processes. The loss of the equilibrium of ion concentration inside and outside of bacteria may affect their viability \[[@B27-molecules-25-01252]\]. Honey-induced physiological changes on bacterial membrane potential were described for the first time in a previous study with MkH \[[@B28-molecules-25-01252]\]. Similarly, in this study AH, ChH, and PH induced alterations upon *S. aureus* and *E. coli* membrane potential. However, membrane depolarization caused by these three honey types was greater and sooner than that caused by MkH at the same treatment conditions \[[@B28-molecules-25-01252]\]. *S. aureus* cells exposed to 10% of MkH showed significant increase of fluorescence after 120 min of exposure \[[@B28-molecules-25-01252]\], while at that concentration, AH and PH induced alterations after 30 min of exposure and after 60 min in the case of ChH. Similarly, *E. coli* cells exhibited a significant membrane depolarization after 120 min of treatment with 20% (*w*/*v*) of MkH and after 60 min at a higher concentration of MkH (30% (*w*/*v*)). Nevertheless, only 30 min were enough to induce a membrane depolarization on *E. coli* cells at similar concentrations of AH, ChH and PH. Under some treatment conditions, bacteria were able to gradually repolarize and recover, partially or completely, their membrane potential. Similar behavior was previously observed in *S. aureus* and *E. coli* exposed to MkH \[[@B28-molecules-25-01252]\].

The loss of membrane integrity means a substantial damage for bacteria. The results obtained in this study reveal that treatment time and honey concentration are key factors regarding the induction of membrane injury in *S. aureus* and *E. coli*. Moreover, these results revealed that the distinct honey samples act differently between gram positive and gram negative bacteria, a fact which was already described in some previous studies with MkH \[[@B15-molecules-25-01252],[@B16-molecules-25-01252],[@B28-molecules-25-01252],[@B29-molecules-25-01252]\]. While the effect of the different honey samples on *S. aureus* membrane integrity was limited, in the case of *E. coli,* the results obtained confirmed more meaningful effects. Under similar treatment conditions (honey concentration of 20% (*w*/*v*) tested with the four honey varieties), the three honey samples were able to cause a more relevant membrane integrity alterations than MkH \[[@B28-molecules-25-01252]\]. However, this effect was more notable for PH, which evinced to be the most powerful sample.

The effects of the different honey samples on *S. aureus* metabolic activity were evaluated using calcein-AM. Only metabolically active cells are able to hydrolyze calcein-AM to a fluorescent compound by intracellular esterases. This compound accumulates inside cells with intact membranes and increases their fluorescence \[[@B30-molecules-25-01252]\]. Considering the results obtained, AH, ChH, and PH induced a significant metabolism disruption on *S. aureus* cells as an early event. This effect could not be attributed to membrane pore formation, which may lead to the loss of fluorescence, since bacteria PI-intake was not significant until 60 min of exposure to AH and until 180 min of exposure to 5% (*w*/*v*) to ChH ([Figure 3](#molecules-25-01252-f003){ref-type="fig"}). In contrast, the less membrane integrity, the higher fluorescence intensity was observed with PH ([Figure 3](#molecules-25-01252-f003){ref-type="fig"} and [Figure 4](#molecules-25-01252-f004){ref-type="fig"}). Slight differences observed between the two treatments were significant for all honey varieties, suggesting that metabolic inactivation is dependent from honey concentration, as well as from the treatment time. Our previous study confirmed similar consequences in *S. aureus* cells incubated with MkH \[[@B28-molecules-25-01252]\]. However, metabolic disruption induced by MkH seemed to be an irreversible effect, whereas in this case, bacteria appear to reprogram their metabolism in response to the environmental stress, being able to progressively recover metabolic activity, at least partially, at the end of 180 min of honey exposure. AH and ChH exhibited a longer and more pronounced metabolic disruption. The transience of this effect might be overcome using higher concentrations of honey. Nevertheless, further studies are necessary to confirm this assumption.

This study demonstrates that AH, ChH and PH were able to induce different bacterial compensatory responses. *E. coli* cells were not able to overcome from such an environmental stress, which resulted in the loss of bacteria viability when the highest concentration of each honey variety was used (20% or 30% (*w*/*v*) depending on honey type). On the other hand, *S. aureus* cells were capable of adapting to honey pressure, what might explain the reversibility of some of the effects and the increase in CFU counts throughout the treatment. However, considering the intricate relation observed between honey concentration and intensity of bacterial response, it is highly plausible that higher concentrations of honey could lead to a more pronounced effect and even bacterial death. To validate this hypothesis complementary further studies are necessary.

Inherent physicochemical properties of honey, as well as multiple compounds originated from the nectar of plants, pollen, propolis, and from honeybee itself, are responsible for its antibacterial activity \[[@B19-molecules-25-01252]\]. Indeed, recent studies revealed that polyphenols are key components on antimicrobial effects of honey \[[@B7-molecules-25-01252],[@B11-molecules-25-01252],[@B19-molecules-25-01252],[@B31-molecules-25-01252]\]. Phenolic compounds profiles are highly variable among different varieties of honey and specific floral markers of some monofloral varieties have been suggested \[[@B32-molecules-25-01252],[@B33-molecules-25-01252],[@B34-molecules-25-01252]\]. These compositional variations could justify the differences in their bioactivity \[[@B17-molecules-25-01252],[@B35-molecules-25-01252]\]. Previous studies confirmed that kynurenic acid and another unknown compound were present in higher concentrations in samples with a *Castanea sativa* origin \[[@B32-molecules-25-01252],[@B34-molecules-25-01252]\]. Similar compounds were found not only in the chestnut, but also in the polyfloral honey samples tested in this study. Moreover, another two unknown compounds, probably kynurenic acid derivates, were found in both samples, in which *Castanea sativa* pollen was the predominant or secondary pollen-type found \[[@B17-molecules-25-01252],[@B36-molecules-25-01252]\]. No specific phenolic compounds have been described in avocado honey. Nevertheless, the results obtained in this study and in a previous one, encourage the research of possible markers characteristic of this variety, which could explain its bioactive functions. In addition, the antimicrobial activity of many flavonoids has been attributed to different mechanisms, including cytoplasmic membrane damage, inhibition of cell wall, and cell membrane synthesis, inhibition of nucleic acid synthesis, and inhibition of energy metabolism \[[@B37-molecules-25-01252],[@B38-molecules-25-01252]\]. Interestingly, some of these mechanisms are similar to those described in this study for honey as a whole, suggesting that flavonoids present in honey might be involved in these effects upon bacteria physiology. Nevertheless, honey compounds could function synergistically and in result of this complex blend, honey acts in a multifactorial way upon several cellular target sites \[[@B9-molecules-25-01252],[@B39-molecules-25-01252],[@B40-molecules-25-01252]\]. Although in some cases AH, ChH, and PH presented, under the same treatment conditions, a greater effect upon bacteria than MkH, the truth is that the concentrations tested were not able to reduce bacterial viability in all cases. This fact suggests the existence of other antibacterial action mechanisms which could justify the irreversible effects of MkH.

4. Materials and Methods {#sec4-molecules-25-01252}
========================

4.1. Bacterial Strains, Growth Conditions and Inoculated Broth Preparation {#sec4dot1-molecules-25-01252}
--------------------------------------------------------------------------

*Staphylococcus aureus* (CECT 86) and *Escherichia coli* (CECT 515) from the Spanish Type Culture Collection were used as gram-positive and gram-negative bacteria reference strains, respectively. The kinetics of bacterial growth to define the bacterial exponential growth phase were previously determined \[[@B28-molecules-25-01252]\].

A cell suspension in Mueller Hinton (MH; Sigma-Aldrich, St. Louis, MO, USA) broth with bacteria in initial exponential growth phase were prepared as was previously described by Combarros-Fuertes, Estevinho, Teixeira-Santos, et al. (2019) \[[@B28-molecules-25-01252]\].

4.2. Honey Samples and Bacterial Susceptibility {#sec4dot2-molecules-25-01252}
-----------------------------------------------

Three samples of raw Spanish honey from different botanical and geographical origins \[avocado honey (AH) and chestnut honey (ChH) from the Protected Denomination of Origin "Miel de Granada", and an organic polyfloral honey (PH) from the province of León (Spain)\] were used. These honey samples were previously characterized \[[@B36-molecules-25-01252]\] and were selected from a total of sixteen samples because of their higher antibacterial effects \[[@B17-molecules-25-01252]\].

MIC and MLC were previously defined as 5% (*w*/*v*) for *S. aureus* for all honey samples while for *E. coli* the MIC and MLC values varied depending on the honey variety: 20% (*w*/*v*) for avocado and chestnut honey samples and 10% (*w*/*v*) for polyfloral sample \[[@B17-molecules-25-01252]\].

Stock solutions of 0.8 g of honey per mL in MH sterile broth were prepared to carry out the subsequent assays.

4.3. Evaluation of Cell Viability {#sec4dot3-molecules-25-01252}
---------------------------------

The determination of bacterial cell viability was performed for both microorganisms by counting colony forming units (log CFU/mL) and following the protocol of a previous study with MkH \[[@B28-molecules-25-01252]\].

The honey concentrations tested were in agreement with the susceptibility test results: 5% and 10% (*w*/*v*) for *S. aureus* and between 10% and 30% (*w*/*v*) for *E. coli* depending on the honey sample (10%--20% (*w*/*v*) for PH and 20%--30% (*w*/*v*) for AH and ChH). Bacterial suspensions (108 cells/mL) were exposed to honey samples for 30, 60, 120, and 180 min at 37 °C and 180 rpm. After honey treatment, bacterial suspensions were centrifuged, the supernatant was discarded, the pellets were washed, and the number of viable cells was determined following the protocol previously developed \[[@B28-molecules-25-01252]\].

4.4. Functional Characterization of Honey-Induced Action {#sec4dot4-molecules-25-01252}
--------------------------------------------------------

The physiological situation of bacterial cells after honey exposure in a time course assay was assessed by FC, following the previously optimized protocol with MkH \[[@B28-molecules-25-01252]\]. Similar conditions to those used in the evaluation of cell viability were applied. After each treatment, bacterial suspensions were also centrifuged, the supernatant was discarded, and the pellets were washed with PBS to eliminate honey reminiscence. Afterwards, bacteria were homogenized and stained with PBS containing the different fluorochromes at the concentrations and the conditions detailed by Combarros-Fuertes, Estevinho, Teixeira-Santos, et al. (2019) \[[@B28-molecules-25-01252]\].

The changes induced by the different honey samples on cell membrane potential, membrane integrity and metabolic activity were evaluated using *bis*-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4 (3); Sigma-Aldrich, Munich, Germany), propidium iodide (PI; Sigma-Aldrich, Munich, Germany) and calcein-AM (Sigma-Aldrich, Munich, Germany) respectively

All cytometric assays were performed using a standard FACS Calibur TM (BD Biosciences, Sidney, Australia) equipped with 3 photomultipliers (PMTs), standard filters, and a 15 mW, 488 nm argon laser, using Cell- Quest Pro software (version 4.0.2 BD Biosciences). Data was recorded for 20,000 cells for each assay.

4.5. Statistical Analysis {#sec4dot5-molecules-25-01252}
-------------------------

All experimental procedures were replicated three times. The results were expressed as mean values and the respective standard deviations. The statistical analysis was performed using IBM SPSS statistics v.24.0 (SPSS, Armonk, NY, USA) \[[@B41-molecules-25-01252]\]. All variables were tested for the assumptions of normality and homoscedasticity. To evaluate if there were any differences between non-treated bacteria and honey treated bacteria at the different time points sampled in each assay, paired-sample Student's t-test or Wilcoxon signed rank test were used. Moreover, to compare the differences between the two honey concentrations tested in each assay, unpaired-sample Student's *t*-test or Mann--Whitney test were used, whereby *p* \< 0.05 was considered to be significant.

5. Conclusions {#sec5-molecules-25-01252}
==============

This research work contributes to reveal some of the mechanisms of antibacterial action of different types of honey, and to assess whether these mechanisms are similar or different between varieties and those described for MkH.

Our results demonstrate that the different honey samples induced quite similar effects on bacteria, consisting in a remarkable metabolic disruption as primary physiological effect upon *S. aureus*, as well as membrane potential imbalance and membrane injury upon both, *S. aureus* and *E. coli*. However, the depth of bacteria response throughout the treatment varied depending on the honey concentrations tested and among honey varieties, probably due to differences in their chemical composition.

The honey concentrations tested were not able to reduce, in all cases, cell viability, especially for *S. aureus*. Nevertheless, taking into account the relationship between the concentration of honey and the effect on bacteria, more studies are needed to verify whether higher concentrations than those tested are capable of producing bactericidal effects.

The results of this study could be the basis of future research works aiming to comprehend the antibacterial action mechanisms of different varieties of honey.
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![Effects of avocado honey (AH), chestnut honey (ChH) and polyfloral honey (PH) on *S. aureus* CECT 86 (**a**) and *E. coli* CECT 515 (**b**) cell viability assessed by colony forming units (CFU). Data at each time point corresponds to mean values of CFU counts ± standard deviation. NS indicate no significant differences and asterisks indicate significant differences (\*: *p* \< 0.05; \*\*: *p* \< 0.01; \*\*\*: *p* \< 0.001) between treated cells *vs*. the control (non-treated cells) and between the two honey concentrations tested for each honey variety.](molecules-25-01252-g001){#molecules-25-01252-f001}

![Effects of avocado honey (AH), chestnut honey (ChH) and polyfloral honey (PH) over membrane potential of *S. aureus* CECT 86 (a) and *E. coli* CECT 515 (b), evaluated using DiBAC4 (3) staining. Data at each time point corresponds to mean values of staining index ± standard deviation. NS indicate no significant differences and asterisks indicate significant differences (\*: *p* \< 0.05; \*\*: *p* \< 0.01; \*\*\*: *p* \< 0.001) between treated cells *vs.* the control (non-treated cells) and between the two honey concentrations tested for each honey variety.](molecules-25-01252-g002){#molecules-25-01252-f002}

![Effects of avocado honey (AH), chestnut honey (ChH) and polyfloral honey (PH) on membrane integrity of *S. aureus* CECT 86 (**a**) and *E. coli* CECT 515 (**b**), evaluated using propidium iodide staining. Data at each time point corresponds to mean values of staining index ± standard deviation. NS indicate no significant differences and asterisks indicate significant differences (\*: *p* \< 0.05; \*\*: *p* \< 0.01; \*\*\*: *p* \< 0.001) between treated cells *vs*. the control (non-treated cells) and between the two honey concentrations tested for each honey variety.](molecules-25-01252-g003){#molecules-25-01252-f003}

![Effects of avocado honey (AH), chestnut honey (ChH) and polyfloral honey (PH) on *S. aureus* CECT 86 metabolic activity, evaluated using calcein-AM staining. Data at each time point corresponds to mean values of mean intensity of fluorescence (MIF)± standard deviation. NS indicate no significant differences and asterisks indicate significant differences (\*: *p* \< 0.05; \*\*: *p* \< 0.01; \*\*\*: *p* \< 0.001) between treated cells vs. the control (non-treated cells) and between the two honey concentrations tested for each honey variety.](molecules-25-01252-g004){#molecules-25-01252-f004}
